[1] The location and shape of a planetary magnetopause is principally determined by the dynamic pressure, D p , of the solar wind, the orientation of the planet's magnetic dipole with respect to the solar wind flow, and by the distribution of stresses inside the magnetosphere. The magnetospheres of Saturn and Jupiter have strong internal plasma sources compared to the solar wind source and also rotate rapidly, causing an equatorial inflation of the magnetosphere and consequently the magnetopause. Empirical studies using Voyager and Pioneer data concluded that the kronian magnetopause was Earth-like in terms of its dynamics (Slavin et al., 1985) as revealed by how the position of the magnetopause varies with dynamic pressure. In this paper we present a new pressuredependent model of Saturn's magnetopause, using the functional form proposed by Shue et al. (1997) . To establish the pressure-dependence, we also use a new technique for fitting a pressure-dependent model in the absence of simultaneous upstream pressure measurements. Using a Newtonian form of the pressure balance across the magnetopause boundary and using model rather than minimum variance normals, we estimate the solar wind dynamic pressure at each crossing. By iteratively fitting our model to magnetopause crossings observed by the Cassini and Voyager spacecraft, in parallel with the pressure balance, we obtain a model which is self-consistent with the dynamic pressure estimates obtained. We find a model whose size varies as $D p À1/4.3 and whose flaring decreases with increasing dynamic pressure. This is interpreted in terms of a different distribution of fields and particles stresses which has more in common with the jovian magnetosphere compared with the terrestrial situation. We compare our model with the existing models of the magnetopause and highlight the very different geometries. We find our results are consistent with recent MHD modeling of Saturn's magnetosphere (Hansen et al., 2005) .
Introduction
[2] The magnetopause is a highly structured boundary formed by the interaction between the shocked submagnetosonic solar wind and the essentially dipolar field of a magnetized body [e.g., Russell, 2003] . The equilibrium magnetopause has a complex three-dimensional (3-D) geometry, and 40 years after the discovery of the terrestrial magnetopause a general understanding of the size and global shape of planetary magnetopauses is still a topic of intense research [e.g., Kawano et al., 1999; Shue et al., 1997 Shue et al., , 2000 Shue and Song, 2002] .
[3] The location of the terrestrial magnetopause is determined principally by the strength and orientation of both the planetary magnetic dipole and interplanetary magnetic field (IMF) (particularly the IMF component projected onto the planetary magnetic dipole). In contrast to the size, the shape of a planetary magnetopause is determined by an interplay between the distribution of stress inside the magnetosphere and the transport of magnetic flux.
[4] A good approximation for the pressure-dependent size of the terrestrial magnetopause can be obtained by balancing the dynamic pressure of the solar wind with the magnetic pressure of a vacuum dipole magnetic field. This simple analysis yields a magnetopause that varies with the À1/6 power of the dynamic pressure, this pressure scaling has been confirmed in empirical models of the terrestrial magnetopause [e.g., Shue et al., 1997] .
[5] For a vacuum field one might think that an increase in the incident solar wind pressure would compress the dayside magnetosphere and the flaring of the tail magnetopause would decrease, i.e., it would result in a more streamlined boundary. However, it is observed [e.g., Shue et al., 1997] that the magnetopause flaring increases with dynamic pressure. It can be shown [e.g., Coroniti and Kennel, 1972] that the flaring of the tail decreases with increasing static pressure and dynamic pressure and increases with increasing flux content of the tail. Dayside reconnection can add open flux to the tail and therefore reconnection and flux transport can compete with static and dynamic pressure in determining the shape of the boundary. Reconnection-related effects do not only determine the flaring of the tail but can also affect the dayside magnetopause location. A wellobserved effect at the Earth's magnetopause is an erosion of the boundary under antiparallel IMF, moving inward by around 1-2R E [Coroniti and Kennel, 1972] .
[6] The dayside reconnection voltage is the rate of production of open magnetic flux and is primarily a function of the IMF and the solar wind velocity. Therefore an increase in the dynamic pressure increases the rate of production of open flux and adds magnetic flux to the tail. Hence there is an interplay between flux transport into the tail and static and dynamic pressure in determining the tail flaring.
[7] Although typical dayside reconnection voltages at Saturn are comparable to those at the Earth [e.g., Jackman et al., 2004] , the much larger amounts of flux through the tail lobes [Badman et al., 2005] result in a much longer timescale to significantly change the amount of open flux. This does not preclude reconnection-related changes in tail flaring but only that the flux content of the tail changes on a different timescale to instantaneous changes in the dynamic pressure and depends on the reconnection rate history in the interval of time leading up to an observed magnetopause crossing.
[8] The distant geomagnetic tail is expected to cease flaring beyond a certain asymptotic distance when the magnetic pressure of the lobes is sufficient to balance the static pressure of the solar wind [Coroniti and Kennel, 1972] . The asymptotic distance and tail radius is approximately 140 R E and 30 R E respectively for the Earth [Coroniti and Kennel, 1972] and by repeating a similar calculation for Saturn we obtain 220 R S and 60 R S . From this pressure balance we also expect the distant tail to be flattened due to the anisotropy of the IMF Parker spiral configuration. Since the IMF, especially at the outer planets, is swept out of its meridional planes, the magnetic pressure of the IMF preferentially acts in the Z direction since B IMF = B rêr + B fêf . Macek et al. [1992] numerically solved equations conserving energy and plasma density, magnetic flux, and momentum at the tail magnetopause and showed that the tail was strongly flattened even as close as 200R S . In their work they also showed that Saturn's magnetotail radius rapidly approached %80R S at a downtail distance of %100R S , but closer to the planet at 50R S the tail radius was approximately 50R S .
[9] When models of the bow shock and magnetopause surfaces of Jupiter and Saturn were constructed from Pioneer 11 and Voyager 1/2 observations [Slavin et al., 1985] it was discovered that the magnetosheath was thinner than expected. Furthermore, some high-latitude crossings were not consistent with the axisymmetric surfaces describing the boundaries. A shock can approach a streamlined obstacle much closer than a blunt one since the flow requires less time to decelerate sufficiently for it to get around the obstacle. Hence the shape of the obstacle affects the thickness of the sheath. These observations were interpreted as a polar flattening of the magnetopause and bow shock.
[10] Spacecraft missions to the outer planets revealed rapidly rotating magnetospheres with strong internal sources of plasma hence the centrifugal force is an important source of mechanical stress. This leads to an equatorial inflation of their magnetospheres and corresponding magnetopause boundaries. Hence the size and shape of the outer planet magnetopause boundaries are also a function of plasma content and planetary rotation rate. It is this equatorial inflation which leads to a polar flattening and has been observed in theoretical [Joy et al., 2002] and empirical [Huddleston et al., 1998 ] models of the jovian boundary. Gas dynamic simulations [Stahara et al., 1989] have shown that the polar flattening of Saturn's magnetopause is intermediate between Jupiter and the Earth.
[11] The effect of this particular internal stress distribution is also revealed by the compressibility of the magnetosphere. The terrestrial magnetosphere is rather stiff, as revealed by the À1/6 power law. The presence of the internal plasma breaks the vacuum dipole assumption and the presence of off-diagonal terms in the stress tensor can distort the field and changes the behavior of the magnetic flux density with radial distance, hence changing the magnetic pressure behavior with distance and the power law. For the jovian magnetopause the resulting power law exponent has been measured to between À1/4 and À1/5 [Huddleston et al., 1998 ].
[12] Huddleston et al.
[1998] also found that the tail flaring decreased with increasing dynamic pressure but did not discuss this in terms of magnetic flux transport as we described above. Their interpretation used these additional sources of stress. The magnetic pressure of the dipole field balances the dynamic pressure in the terrestrial case, but at Jupiter the hot plasma pressure and centrifugal force on the cold plasma are as important as the magnetic pressure in determining the shape of the magnetopause. At low dynamic pressures the hot plasma pressure can balloon the magnetic field and increase the magnetopause flaring, whereas at high dynamic pressures the centrifugal force forces the magnetopause into a more disc-like shape and the flaring decreases.
[13] The limited spatial exploration of outer planet magnetopauses, coupled with the relative absence of consistent upstream monitors means that the role of mass loading and rotation in determining the magnetopause shape at the outer planets has not been fully explored in a time-dependent fashion. Saturn possess a complex array of internal sources of plasma coupled with rapid rotation [Blanc et al., 2002] , and substantial amounts of magnetic flux lead us to expect both decreased tail flaring with increasing pressure and a more compressible magnetosphere than the Earth.
[14] Unless explicitly stated, we will work in solar magnetospheric (SM) coordinates wherex is directed toward the Sun,ŷ =M Âx andẑ completes the right-handed set where the X -Z plane contains the planetary magnetic dipole. Thus solar magnetospheric coordinates at Saturn are termed KSM and are directly equivalent to terrestrial GSM and jovian JSM.
Previous Models of Saturn's Magnetopause
[15] The only empirical model of Saturn's magnetopause [Slavin et al., 1983 [Slavin et al., , 1985 was developed by fitting a threeparameter second-order conic section to a subset of mag-netopause crossings, identified in Pioneer 11 and Voyager 1/2 plasma and magnetometer data. The method is limited to tailward of one standoff distance, so the outbound Voyager 1 crossings were not included in their fitting. The authors were also only interested in the compressibility of the dayside magnetopause so this limitation did not particularly affect their study. The presence of boundary waves or other oscillations were taken into account by averaging together crossings that occurred within 10 hours of each other. The final set of crossings (with aberration removed) were fitted to the model using a linear least squares fit where the deviations normal to the model surface were minimized [Slavin and Holzer, 1981] .
[16] To reduce the scatter in the fit, the crossings were pressure-corrected and the model refitted. This was carried out by determining the dynamic pressure, D p , at each crossing using the observed field just inside the magnetopause, the flaring angle, Y, as estimated from a minimum variance analysis of the magnetometer data [Sonnerup and Cahill, 1967] , and a Newtonian pressure balance [Spreiter and Alksne, 1970] . The standoff (distance between the planet and the subsolar point on the magnetopause) distance for each crossing was determined using the magnetopause shape model from the initial fit. The corresponding standoff distances and pressures were combined to estimate the power law behavior of the standoff distance, r 0 $ D p 1/a , which was then used to pressure-correct the crossings and hence the model fit. Their model exhibits a power law scaling of the magnetopause size versus dynamic pressure r 0 = 10.04D p À1/6.1 , i.e., a terrestrial-type size behavior, where D p is in nanoPascals and r 0 is in planetary radii (1R S = 60268 km). It is interesting to note that this power law contrasts with the considerations given in the previous section.
[17] The geometry of the Slavin et al. [1985] model is extremely blunt and inconsistent with the measured magnetosheath thickness [Behannon et al., 1983] . Using crossings observed in Voyager magnetometer data, a preliminary parabolic model was constructed by Ness et al. [1981 Ness et al. [ , 1982 and did not have this hyperbolic geometry. Behannon et al. [1983] suggested that the origin of the hyperbolic geometry was the exclusion of the Voyager 1 crossings and the averaging of a wide range of outbound Voyager 2 crossings to a single point.
[18] A theoretical treatment was provided by Maurice et al. [1996] (MEBS) and was a by-product of their global model of Saturn's magnetospheric magnetic field, developed using the self-consistent methods of Mead and Beard [1964] .
[19] By iteratively evaluating the pressure balance between the ring current and dipole magnetic fields in the magnetosphere, and the dynamic pressure of the solar wind, the method simultaneously solves for both the Chapman-Ferraro currents and the size and shape of the magnetopause. The resulting surface was fitted to a conic section, written in a cartesian form (1) with 10 free parameters in two polynomials, g and h. It describes ellipses in the Y -Z plane to allow the model to describe polar flattening, and in the X -Z plane the model is general enough to resolve the cusp
where g(x) and h(x) are defined by (2), {x c , 0, ffiffiffiffiffiffiffiffiffiffi ffi g x c ð Þ p } are the coordinates of the cusp, and x t is a downtail distance where the MP stops flaring. Their fitting was carried out, by least squares, for different standoff distances, giving a model geometry that is a function of the standoff distance, r 0 , unlike the self-similar Slavin model, and hence the coefficients in (2) are functions of r 0 .
While not being too dissimilar at the nose, the geometry of Slavin versus MEBS at the flanks is quite different. The hyperbolic Slavin model flares asymptotically whereas the MEBS shape has an elliptic tail cross section with a constant tail radius of %40R S in the X -Y plane. The empirical Slavin model ignored asymmetries introduced by the tilt of the dipole to the solar wind flow but this was of no concern since the model was developed on crossings near Saturn's equinox. MEBS has some dipole tilt dependence but is limited to certain tilt angles beyond which interpolation between coefficients must be applied. Furthermore, only the change in geometry with standoff distance was studied in the MEBS model, so no connection to the solar wind dynamic pressure was established.
This Study
[20] A persistent problem for outer planetary magnetosphere research is the lack of dynamic pressure measurements, or more properly, the lack of a consistent upstream solar wind monitor. This limits how much can be done in studying the magnetopause or internal magnetospheric dynamics. For a study of the magnetopause shape, it makes it very difficult to develop pressure-dependent models of this boundary.
[21] In this paper we present a new technique for building pressure-dependent magnetopause models and apply this method to a data set of magnetopause crossings from Voyager and Cassini. We use a relatively new functional form [Shue et al., 1997] to describe the magnetopause which is quite flexible and not only allows the size to be pressure-dependent, but also the shape, particularly the degree to which the near-magnetotail is flared.
[22] In the following section we present our technique for obtaining dynamic pressure estimates in the absence of an upstream monitor and demonstrate our technique for building a pressure-dependent model. In section 3 we discuss the data set, how these data were obtained and processed, and the fitting of the data to the model. We discuss our results in section 4 and also compare our new model to the Slavin et al. [1983 Slavin et al. [ , 1985 and Maurice et al. [1996] models using the same data set.
Methods

Estimating the Dynamic Pressure
[23] A typical approach [e.g., Slavin et al., 1983] for estimating the upstream dynamic pressure at a magnetopause crossing observed by a spacecraft, is to reconstruct the pressure balance, which is assumed to be holding the boundary in dynamical equilibrium. Assuming such an equilibrium exists and using a Newtonian pressure balance [Spreiter and Alksne, 1970] , the magnetic pressure just inside the magnetopause is holding off the dynamic pressure of the solar wind, namely, B MS 2 /2m 0 = kD p cos 2 Y, where B MS is the magnetospheric magnetic field just inside the magnetopause, k is a factor of the order unity, and Y is the angle between the solar wind direction (assumed to be along Àx) and the local normal to the magnetopause (the flaring angle). The canonical approach is to measure B MS from magnetometer data, and to estimate Y by subjecting magnetometer data to a minimum variance analysis [Sonnerup and Cahill, 1967] . The value of D p can then be calculated using these quantities in the pressure balance equation.
[24] Several issues are evident at this point. As discussed in the introduction, the plasma pressure is comparable to the magnetic pressure in the magnetospheres of the outer planets. In particular, Voyager measurements showed that the plasma beta near Saturn's magnetopause ranged between 0.1 and 1 [Krimigis et al., 1983; Schardt et al., 1984] (particularly Schardt et al. [1984, Figure 10] ). It follows that by only including the magnetic pressure in this pressure balance we are underestimating the dynamic pressure, perhaps by up to a factor of two.
[25] Second, the assumption of pressure balance implicitly assumes the magnetopause is static. Such an equilibrium is almost certainly never observed and leads to a bias between sheath-magnetosphere and magnetosphere-sheath pressure estimates. When the spacecraft emerges from the magnetosphere into the magnetosheath the dynamic pressure is winning in the pressure balance, and any dynamic pressure estimates that are made will necessarily be too low since the magnetopause is moving inward. A vice versa argument can be made for estimates made when the spacecraft moves into the magnetosphere. Possible effects of these issues will be discussed in section 3.3.
[26] We use a variant of this pressure balance technique in order to estimate the dynamic pressure. In the absence of flaring angles from minimum variance analysis, we obtain Y directly from a model of the magnetopause, suitably scaled to match the magnetopause crossing in question. So, given a crossing, the model is scaled so that it passes through the spacecraft position. The normal vector to the model surface is calculated at the position of the spacecraft and the flaring angle calculated from the scalar product of the model normal with the solar wind direction. Of course this makes the angle Y model-dependent. The rationale for this approach is that in the assumed equilibrium the magnetopause geometry affects the pressure balance and thus the dynamic pressure is inferred based on this assumption.
[27] A more elaborate form of the pressure balance is also used. As Y ! 90°the role of static (thermal) pressure becomes increasingly important in determining the pressure balance because of the cos 2 Y factor in the dynamic pressure. Typically, [e.g., Slavin et al., 1983] a constant static pressure, P 0 , is added to the pressure balance and this is what balances the tail magnetic pressure and determines the asymptotic tail radius as discussed in the introduction. However, what is the effect on the dayside magnetosheath flow (Y ! 0°) of including this constant static pressure? Bernoulli's equation, applied along a streamline adjacent to the magnetopause, allows the magnetosheath velocity to be calculated. Choosing a constant static pressure leads to an imaginary velocity in the subsolar region (as Y ! 0°) [Petrinec and Russell, 1997] . Introducing a sin 2 Y dependence to the static pressure forces the flow velocity to be real in the subsolar region [Petrinec and Russell, 1997] . Equation (3) expresses this pressure balance.
The value of k is used to extrapolate from a measurement in the sheath, to the solar wind value and is a factor close to unity as previously described. We set k = 0.881 which is valid in high Mach number regime [Spreiter and Alksne, 1970] such as observed at Saturn .
[28] The static pressure in the solar wind is assigned a fixed value of 10 À4 nPa derived from average solar wind values [Slavin et al., 1985] . Obviously, near the nose of the magnetopause the dynamic pressure term dominates, but at larger distances in the downstream direction the static pressure becomes comparable to and eventually dominates over the dynamic pressure. This form of the pressure balance is used to fit our new model and also to examine the models of Slavin et al. [1983 Slavin et al. [ , 1985 and Maurice et al. [1996] in section 4.1.
Modeling the Magnetopause
[29] In fitting a model magnetopause shape with pressuredependence, we require dynamic pressure values for each magnetopause crossing but as we have pointed out, such simultaneous measurements are not available at Saturn. Our method consists of iteratively fitting the magnetopause shape. At each iteration of the solver, the method described in the previous section is used to estimate the dynamic pressure at each crossing, using the currently fitted model to obtain Y at each crossing. Thus as the nonlinear fitting routine adjusts the parameters of the shape model, the model normals and hence the dynamic pressure estimates also change. The solver iterates until the RMS residual and the parameters of the model reach a tolerance of 10 À6 .
[30] We have applied this method using the functional form described by Shue et al. [1997] which has been used to model the terrestrial magnetopause. This functional form (4) is particularly flexible in that it allows a boundary which is either closed or open depending on the value of the exponent, K. For K > 0.5 the magnetopause is open, and for K < 0.5 the magnetopause is closed. See Shue et al.
[1997, Figure 1 ] for an illustration of the behavior of this form for different values of K (called a in their paper). The constant factor r 0 represents the standoff distance of the magnetopause at the subsolar point.
Here (r, q) are the polar coordinates of a point on the magnetopause, axially symmetric about the x axis, q is the angle from the x axis to the point, and r is the distance from the planet to the point. In the canonical terrestrial approach, r 0 and K are functions of D p and IMF orientation and a fitting is carried out using upstream observations coinciding with the observed magnetopause crossings. Shue et al.
[1997] made r 0 and K a function of D p and IMF B z .
[31] In the introduction we discussed the effects of magnetic flux transport and internal stresses in determining the size and shape of a planetary magnetosphere. It was shown that while the reconnection voltages at the Earth and Saturn are similar, the amounts of flux involved are so large that the timescale for adding significant amounts of flux to the tail are long. Hence the flaring of the tail by flux transport depends crucially on the dayside and tail reconnection histories.
[32] Studies of the reconnection history in relation to Saturn's auroral oval [Badman et al., 2005] and in situ observations of reconnection [McAndrews et al., 2006] suggest that the IMF is playing some role; however, this role in controlling Saturn's magnetospheric dynamics is unclear [Crary et al., 2005] . Furthermore, accurate determinations of the IMF orientation may be difficult to extract from magnetosheath data. Hence we restrict our attention of pressure dependence and neglect IMF B Z .
[33] We make r 0 and K a function of D p alone by adapting the forms used in the work of Shue et al. [1997] (see their equations (10) and (11)):
By substituting these forms into (4), we use our method to fit for the coefficients a i . We use a nonlinear fitting routine based on an interior-reflective Newton method to find the a i s by minimizing the root mean square (RMS) deviation. At each step of the nonlinear iteration, D p for each crossing was estimated using equation (3) and the RMS then reevaluated with the crossing positions (r k , q k ). The model normals, and hence Y k , were evaluated using the current set of a i s. Thus as the iteration proceeds the model parameters are adjusted and the estimates of D p change. The solver converges such that the estimated dynamic pressures are self-consistent with the fitted model parameters. Figure 1 illustrates the fitting procedure schematically.
[34] For the simplest case a given magnetopause model can be scaled self-similarly such that the model passes through a given magnetopause crossing. In general, functional forms such as the model considered here can have pressuredependent geometry and such a scaling does not give correct results. In this work, given a magnetopause crossing (r, q), we use a Newton-Raphson root-finding method to find D p which satisfies equation (4), given the relations (5). We will now apply this new technique to a set of magnetopause crossings observed by Voyagers 1 and 2 and Cassini.
Data Set and Model Fitting
Magnetopause Crossings
[35] The magnetopause crossings used in this study were identified in Cassini magnetometer data . These crossings were from the first six orbits of Cassini between 28 June 2004 and 28 March 2005 inclusive. We utilize data from both the fluxgate (FGM) and the vector helium (VHM) instruments on Cassini depending on the telemetry mode of the spacecraft and instrument. Typically, 1 s averages are used, although lower-resolution data are used when necessary.
[36] We also use crossings identified in Voyager 1 and 2 PLS [Bridge et al., 1981 [Bridge et al., , 1982 and MAG [Ness et al., 1981 [Ness et al., , 1982 data sets. These data were revisited such that only crossings identified in both data sets were included.
[37] Since the magnetopause is a complex boundary consisting of multiple internal and external boundary layers and current sheets, we identify a magnetopause crossing by the transition through the magnetopause current layer (MPCL) identified by the strongest field rotation over the crossing. This definition was adopted to provide an objective criterion for the location of the magnetopause due to its broad complex nature. For situations of high magnetic shear, crossings were readily identified by this strong rotation of the magnetic field. For low-shear crossings the MPCL is less clear in the field data. For such crossings the root-mean-square fluctuation of the field magnitude was used to aid identification of the (4) and (5). transition and then the position of the MPCL was identified by the largest rotation. In order to avoid biasing our estimates of the field strength just inside of the magnetopause, we selected intervals of field which were outside any apparent boundary layers [Russell and Elphic, 1978; Russell, 2003] as observed in the magnetometer data.
[38] Figure 2 shows an example of a magnetopause crossing from the outbound leg of the SOI orbit and which illustrates the above points for a moderately high shear crossing. The magnetopause crossing in question occurred at 1749:50 UTC SCET on day 186 (4 July) 2004. The magnetospheric magnetic field prior to the crossing was principally in B X and B Y with a small southward field, B Z . The orientation of B X and B Y indicate that the spacecraft was located in the southern magnetic hemisphere, underneath Saturn's magnetospheric current sheet. Approximately 10 min before the spacecraft encountered the MPCL, the field fluctuations were enhanced and variable in all three components of the magnetic field. We interpret this as evidence of a boundary layer (either internal or external, probably internal given the magnitude of the field) and as such place our averaging interval outside of this layer. The magnetic field strength remains roughly constant over the crossing. While the change in B Z at the MPCL is rather rapid, the change in B X is very slow over approx 3 min. The fields after the crossing are highly variable with strong fluctuations, characteristic of the magnetosheath.
[39] This analysis produced a list of 64 magnetopause crossings. To avoid introducing bias to the fit due to multiple crossings caused by boundary waves, crossings located within 1R S of each other were averaged together. A spatial averaging was chosen over a temporal one [Slavin et al., 1983] to account for different spacecraft velocities between Voyager and Cassini. This procedure reduced the data set to 26 crossings. In this spatial averaging crossings occurring within 1R S of each other were averaged to a single point.
[40] Figure 3 shows the local time and vertical distribution of averaged magnetopause crossings used in this study. We have overlaid the model magnetopause we develop in this paper. The panel on the right shows the distribution about Saturn's rotational equator (ring plane). It can be seen that there is a rather uniform distribution in local time (from noon to dawn), but the crossings are almost exclusively low-latitude crossings.
The figure shows that while we have a near uniform distribution of crossings in local time (between noon and dawn), the crossings are almost all at low latitudes. Of the crossings that are at higher latitudes, they are all on the nightside.
[41] It should be noted that in this study we do not remove the aberration in the crossings, due to Saturn's orbital motion perpendicular to the incident solar wind flow, as this is a small effect further out in the solar system. Furthermore, we do not have coincident solar wind velocities to remove this aberration properly.
[42] An observationally established property of the terrestrial magnetopause in the tail is a distortion from axial symmetry when the magnetic dipole is not perpendicular to the incident solar wind flow [Tsyganenko, 1998] . When the dipole points antisunward, the magnetotail is displaced in the southward (ÀZ SM ) direction and presents a nonaxisymmetric obstacle to the solar wind. The solar wind momentum flux on this obstacle results in a gradual deflection of the magnetopause so that it becomes parallel to the solar wind flow at large distances downstream. Hence when the dipole points antisunward (sunward) the tail magnetopause undergoes a systematic displacement southward (northward). At the Earth this distortion is periodic on both diurnal and orbital periods. In Saturn's magnetosphere the diurnal variation is very small due to the small tilt between the rotation and dipole axes. This kind of distortion can also be readily seen in magnetohydrodynamic (MHD) simulations of Saturn's magnetosphere [Hansen et al., 2005] . Early iterations of our model attempted to treat this distortion but did not provide satisfactory results. Since our observations come principally from the near tail region where the effect on the magnetopause is weak, we do not attempt to model the distortion in this work. However, we note that it is an important effect which will need further investigation at Saturn.
Fitting
[43] The methodology developed in section 2 was applied to this set of averaged magnetopause crossings. The fitted model parameters, a i , are presented in Table 1 . The best-fit RMS of the fit was 1.238R S and we note that this reinforces our choice of a spatial averaging in section 3.1, recall we average crossings occurring within 1R S which is smaller than this quoted RMS uncertainty. The resulting model curves are presented in Figure 4 . Two curves are plotted with the crossings in Figure 4a , representing high and low pressure solar wind conditions. The crossings are collapsed onto a single pressure surface in Figure 4b and give a visual indication of the accuracy of the model.
[44] The uncertainties on each parameter were obtained by a Monte Carlo method. The fitting procedure was repeated 200 times but where the points used in the fitting were selected by sampling 20 times with replacement from the set of averaged crossings. The quoted uncertainties represent the 1s of the distribution formed from the set of 200 a i coefficients. The crossings used in our fitting collapsed onto a common dynamic pressure surface (selected so that the magnetopause standoff distance is 26R S ). The magnetopause crossings were scaled assuming that the change in position angle of each magnetopause crossing is small compared to the change in radial position. It can be shown that this is valid for the range of angles and pressures in our data set. In each of these plots the coordinates are along the X KSM axis and in the direction perpendicular to this,
[45] Figure 5 shows the resulting power law for the model and the averaged magnetopause crossings about that curve. The shaded areas indicate the error bounds as calculated from the uncertainties in Table 1 . The scatter of points is well within this bound and forms a tight distribution about the model curve.
Fitting Stability and Bias
[46] There are two systematic issues which could affect the fit of our model. First, since we use a nonlinear parameter search, initial values for a i are required. Second, (3) does not include particle pressure inside the magnetosphere. In the high beta plasma sheet the particle pressure is competitive with the magnetic pressure and observations have shown that this high beta plasma sheet extends out to the magnetopause [Krimigis et al., 1983; Schardt et al., 1984; Krupp et al., 2005] . This violates our equation (3). The first is relatively easy to address. We have repeated our fitting systematically varying our initial conditions and found the best fit parameters to be very stable, generally well within our quoted uncertainties.
[47] The second is rather more difficult to answer fully. If the high beta plasma were present at all of the crossings the effect would be to effectively increase the estimates of D p by a factor $2; hence the effect should be systematic in the coefficients. However, the high beta plasma is concentrated by the centrifugal force into a thin disc approximately 2R S in half-thickness about the equatorial plane. To assess the effect of such a high beta region, we have altered equation (3) for crossings occurring within 2R S of the equatorial plane so that the magnetic pressure is doubled for those crossings, attempting to compensate for the neglect of the particle pressure. With this change made, the fitting was repeated. Of particular concern would be the effect on the power law and the pressure-dependent flaring parameter a 4 . The power law was found to be sensitive to this analysis, producing a modified power law of À1/(5.5 ± 0.7) compared to our model value of À1/(4.3 ± 0.3) which is a significant deviation. The pressure-dependent flaring parameter was consistent with the best fit value within the uncertainty. The other two parameters, a 1 and a 3 controlling the gross shape and size, were both perturbed away from their best fit values, in the case of the size by an amount larger than the estimated uncertainty. The RMS of the fit was increased from 1.238R S for the best fit model to 1.984R S .
[48] This analysis indicates that the effect of trying to compensate for the high beta environment of crossings near the plasma sheet does have a significant effect on the model fit. The modified-fit power law does reach a value consistent with a vacuum dipole within the uncertainties of the fitting method, however it is noted that the magnetic field data around many of the low-latitude crossings in our database showed no evidence of high beta plasma just inside the magnetopause. This observation means that the analysis is overcorrecting for a high beta plasma, certainly in many cases where it is not justified.
[49] A final problem is related to the lack of an equilibrium magnetopause as mentioned in the introduction. With sufficient observations one would expect that there is a symmetric relationship between crossings where the magnetopause passes closer to the planet where the magnetic field is elevated, to ones where the magnetopause is moving further away leading to a situation where the magnetic field is depressed. With a set of 26 averaged crossings this idealized situation should be realized. The spread of magnetopause crossings in space about our model is also indicative of the validity of this equilibrium assumption. Figure 4b shows the magnetopause crossings plotted with the fitted model, where the crossings have been scaled to a common dynamic pressure. Thus this figure shows the spread of crossings about the magnetopause boundary.
Discussion
[50] The pressure dependent parameters in our model, a 2 and a 4 , reflect the underlying physics of Saturn's magnetospheric configuration and dynamics. First, the power law exponent, a = À1/a 2 = À4.3, differs from that expected of a vacuum dipole, a = À6. The lower value for our model indicates a magnetopause which responds more sensitively to changes in the dynamic pressure, producing a magnetosphere which is intrinsically more compressible compared to the Earth's rather stiff dipolar field. The compressibility of the magnetosphere is characteristic of the balance of stresses inside the magnetosphere and our value here is consistent with the importance of hot plasma and inertial forces in determining the configuration of the magnetosphere and hence the magnetopause. This power law exponent is similar to that measured by Huddleston et al. [1998] for the jovian magnetosphere.
[51] The vacuum dipole a = À6 result comes purely from the R À3 behavior of a dipole field. Jupiter's magnetospheric magnetic field contains a disc-like structure, in the middle magnetosphere, called the magnetodisc. In the limit of disc geometry the magnetic field strength varies as R À1 producing a theoretical power law exponent of a = À2. Hence the magnetopause models at Jupiter are consistent with the Figure 5 . The power law relationship between standoff distance and dynamic pressure for the model presented here. The shaded region indicates the uncertainty in this power law, as derived from the uncertainties in Table 1 . All of these points fit well within this region and have a tight distribution about the best-fit curve.
observed field morphology in that the power law's lie somewhere between the disc-like and dipole-like results. There is evidence for this disc-like geometry in Saturn's magnetosphere [Arridge et al., 2006] and so our model is also consistent with the observed field morphology.
[52] Interestingly, our power law is significantly different to the À1/6.1 obtained by Slavin et al. [1985] for Saturn's magnetopause. Perhaps the source of the discrepancy is the fact that we do not restrict our attention to the behavior of the dayside magnetopause, and we use a greatly expanded set of crossings. Our modeling methodology is also rather different. In our analysis of the effect of a high beta plasma adjacent to the magnetopause, we found a power law of À1/(5.5 ± 0.7) which is consistent with Slavin et al. [1985] within the uncertainties of the analysis. However, an argument was made for a significant overcorrection and whilst we do not rule out a power law closer to À1/5, we argue for a scaling which is significantly different from a vacuum dipole.
[53] This scaling should result in a large range of observed magnetopause distances. Do the observations support this? An examination of the radial distances of magnetopause crossings near noon (within 3 hours of local noon) gives us an indication of the compressibility. An average magnetopause distance is around 25R S and the range of magnetopause distances observed is 17 to 29R S . Thus the magnetopause varies by up to 32% of the average. The jovian magnetopause is observed to vary by 33%. Thus the distribution of magnetopause crossings has a similar compressibility to the jovian magnetosphere and corroborates the power law of our model.
[54] The negative value of a 4 indicates that the magnetopause flares less with increasing dynamic pressure. This is opposite to the terrestrial case. This confirms our discussion in the introduction regarding the relative roles of flux transport versus pressure balance.
Comparison With Existing Models
[55] In order to compare this new model with existing models, we require dynamic pressures so the model response to external conditions can be compared. To analyze the Slavin and MEBS models, we essentially reconstruct the power law, r 0 $ D p 1/a using equation (3) and the method in section 2.1. The standoff distance corresponding to each crossing is required in order to correctly calculate the model normal and hence the flaring angle. The determination of the standoff distance by self-similar scaling of the Slavin model is straightforward. It is assumed that the position of the focus does not change and so the self-similarity is about the focus. Given a scaling factor, z, the standoff distance is obtained from r 0 = x 0 + zL/(1 + ).
[56] To calculate the standoff distance for MEBS, equation (1) is manipulated to form a merit function by considering g and h to be functions of both x and r 0 . Given an observed MP crossing, (x, y, z), a value of r 0 can be chosen which satisfies (1). For each crossing r 0 is found by nonlinearly minimizing (6) using the Downhill-Simplex algorithm [Press et al., 1992] . The coefficients of g and h are tabulated for different values of r 0 in Table 1 of Maurice et al. [1996] ; coefficients for nontabulated values of r 0 were obtained by linear interpolation. ! 2 ð6Þ Figure 6 shows the results of this analysis. The abscissa on these plots is the X KSM axis. Owing to axial symmetry of our new model and the Slavin model, the ordinate axes are the Figure 6 . Comparison of the new model presented in this paper, with a corresponding analysis carried out for the Slavin and MEBS models. In each plot the method described in section 2.1 has been applied to infer the dynamic pressure of each magnetopause crossing which have been plotted and colored according to the inferred pressure. A number of curves from each model are also plotted and colored according to the pressure-parameterization of that model. Since the MEBS model was developed with no such parameterization we have fitted a power law to the results of our analysis to provide such a power law. For each model, the color of each magnetopause crossing should lie close to where a similar-colored model curve lies. For an accurate model there should be a smooth graduation in color between the high pressure crossings close to the planet and the low pressure crossing farther away, and the model curves should largely contain the observed crossings. As can be seen, the Slavin and MEBS models are fairly disordered in this regard, whereas our new model largely exhibits a smooth change in pressure indicating that our model is more accurately representing Saturn's magnetopause geometry. Since the MEBS model is not axially symmetric, in that panel the ordinate axis corresponds to the jYj axis of the MEBS model. cylindrical distance from the Saturn-Sun line. Because the MEBS model is not axially symmetric, we have chosen to plot that model in an equatorial projection.
[57] Using the 26 averaged magnetopause crossings for each of the three models, we plot the crossings colored according to dynamic pressure, as inferred by our method. We also plot a variety of curves from each model, corresponding to different dynamic pressures, again colored by D p . For the Slavin model curves, we obtain the pressure from their À1/6.1 power law scaling, and for our model we use the power law from our fit which is presented in Figure 5 . For the MEBS model no such scaling was derived by the authors. To produce the center panel in Figure 6 , we use least squares to fit a power law through the (D p , r 0 ) points, as derived above. This power law is used to color the model curves. The power law we derive for the MEBS model is r 0 = (14.9 ± 0.8)D p À1/8±2 which represents a terrestrial scaling within the uncertainties of the fit. It is interesting to note that repeating this analysis for our new model, we obtain a power law which is identical within the uncertainty of the fit, to the one derived by our fitting routine. If we repeat the analysis for the Slavin model, we obtain a very strange power law of r 0 = (5.23 ± 1)D p À1/3.4±0.9 , quite clearly different from that derived by Slavin.
[58] For a model whose geometry is an accurate representation of the true geometry, the color of the magnetopause crossings should be similar to the color of a nearby model curve. This is equivalent to saying that the point should lie near the power law curve in D p À r 0 space. Furthermore, the magnetopause crossings should ''fit'' within the range of curves plotted. It is clear from this figure that the three models have very different geometries, although MEBS has a geometry more similar to our new model. The Slavin model flares asymptotically and never achieves a constant tail radius. To match some of the flank crossings, this model must be unrealistically scaled in that the standoff distance at the stagnation streamline is never observed. The mismatch between the observed pressures and the model curves at the flank is quite clear in this model. It should be pointed out, however, that this model is principally a model of the dayside magnetopause and so it is unfair to strictly criticize the model in this regard. The MEBS model presents considerably more disorder in its organization of the pressures, in comparison to the Slavin model and our new model; it does not have the systematic deviation present between the nose and flanks in the Slavin model.
[59] We can also carry out a visual comparison of our model with recent MHD modeling [Hansen et al., 2005] and theoretical considerations [Hendricks et al., 2005] . Since the model by Hendricks et al. [2005] is based on the MEBS model, it is unsurprising that their model differs geometrically from ours in a similar way to the MEBS model, even though they refit the rather cumbersome cartesian forms used by Maurice et al. [1996] using the Shue et al. [1997] functional form. Comparing our model shape with the magnetopause boundary identified in the MHD model of Hansen et al. [2005] reveals a close correspondence between our empirical model and their simulation result. Their power law lies outside of our best fit value. We note with interest that the power law of Hansen et al. [2005] lies between our best fit and high beta modified fit power laws from our model.
[60] The magnetopause boundaries of Jupiter and Saturn are 3-D nonaxially symmetric structures which we have modeled with a 2-D axially symmetric shape. The disc-like current sheet at low-latitudes presents an enhanced obstacle at low-latitudes leading to a flattening about the poles. This has not been examined in our study because of the lack of high-latitude magnetopause crossings. Also one should expect a dawn-dusk asymmetry due to flow asymmetries in the magnetosphere . Since Cassini will not start to encounter the dusk flank magnetopause until late 2006 to early 2007, we have not examined this asymmetry.
Comparison With Minimum Variance Normals
[61] We can also compare our model normals with those from the Slavin model and from a Minimum Variance Analysis (MVA) of magnetometer data across magnetopause crossings. Table 2 shows the results of this. Here we show a selection of comparisons over a range of local times which are necessarily limited by the trajectory of the spacecraft. At Saturn many low-magnetic shear crossings have been observed, and hence we do not present a comprehensive survey and comparison. It can be seen from Table 2 that the angular discrepancy between the MVA and model normals are generally good, both with the new model presented here and with the Slavin model. On average our model agrees more closely with the MVA normals and in cases where it does not the uncertainty in the orientation of the MVA normal essentially means that the Slavin model and our model normals agree with each other.
[62] However, we issue a note of caution. Owing to the prevalence of low-shear crossings, the crossings we have analyzed do not make a statistically significant statement of the accuracy of the model normals. Furthermore, the use of a single spacecraft and the presence of other structures adjacent to the magnetopause means we cannot make an unambiguous identification of the MPCL, so the MVA normals should be regarded with some measure of suspicion. We also note that it is easy to align a model surface Slavin et al. [1985] model and the new model presented here. The angular uncertainties are purely from the minimum variance and are calculated according to Khrabrov and Sonnerup [1998] .
with an observed magnetopause crossing and generate a normal which agrees with an MVA normal. However, it is the global consequences for such an surface which is perhaps more important not only philosophically but also for practical purposes of prediction. One can calculate good normals from the Slavin model but for crossings on the flank the implied standoff distances have not been observed. A more detailed statistical survey and comparison of minimum variance normals and IMF draping angles with our model is beyond the scope of this paper but is in progress and will be presented at a later time.
Conclusion
[63] In the introduction we described how different distributions of stress lead to different magnetopause geometries and dynamical behaviors, and we discussed the role of flux transport in flaring the tail. Because of rapid rotation and internal mass loading at Saturn and the large amount of flux compared with the reconnection voltage, we might expect properties very different from the terrestrial magnetopause.
[64] We demonstrated a new technique for obtaining solar wind dynamic pressure estimates from magnetopause crossings, given a model of the magnetopause, in the absence of upstream pressure estimates. This technique was been applied to iteratively fit a magnetopause model which is pressure-dependent. The model has a geometry significantly different to the previous models of Saturn's magnetopause. It was found that the size of the magnetopause varied with a power law significantly different to that of a vacuum dipole indicating that internal plasma pressure was affecting the magnetopause. This is also different to that found by empirical Pioneer/Voyager studies of Saturn's magnetopause [Slavin et al., 1983 [Slavin et al., , 1985 but agrees with recent modeling work by Hansen et al. [2005] who found a power law of À1/5.2 for the magnetopause; our model geometry is also similar to their results.
[65] We also observed that the flaring of the magnetopause decreased with increasing dynamic pressure, and that the timescale for significant changes in tail flux was long compared to the rather rapid pressure-driven changes in tail flaring. We commented that flux-related tail flaring was determined by the dayside reconnection history. Studies by Jackman et al. [2004] and Badman et al. [2005] suggest that significant flux can accumulate over intervals of days-toweeks, and so we would expect an effect on the tail flaring over this interval of time. This effect and the role of the IMF B Z deserve further attention.
[66] We have shown that the model has significantly improved behavior compared to the Slavin et al. [1985] and Maurice et al. [1996] models. Our results are consistent with the hypothesis that the centrifugal force in Saturn's magnetosphere has a significant impact on the morphology and dynamics of the kronian magnetosphere. Magnetometer observations indicate the presence of a thin current sheet and stretched disc-like field morphology consistent with this hypothesis. The magnetopause results we have presented are the global consequences of such a configuration.
[67] It is interesting to look at the predictions made by the model, and by our method of inferring the pressure, in situations where we understood magnetospheric dynamics to have occurred. During the SOI pass of Cassini, a compression event was suspected while Cassini was inside the magnetosphere and signatures of this event were detected in fields and particles instruments . Our model shows that the standoff distance at SOI inbound was 26.7R S , which changed to 19.5R S when the spacecraft reencountered the magnetopause outbound. Examining the inferred pressures we see clearly that the pressure increased by more than a factor of 2 while Cassini was inside the magnetosphere, from 0.0242 nPa inbound to 0.0565 nPa outbound. Similar analyses can be done on other interesting periods. During the Voyager 1 encounter with Saturn there was a similar compression to SOI and during Voyager 2 the magnetopause expanded considerably. Comparisons such as these highlight the variability in the location of the kronian magnetopause. A study of this variability is underway and will be the subject of a future paper (N. Achilleos et al., manuscript in preparation, 2006) .
[68] The effect of internal plasma pressure on the pressure balance requires further attention. The limited attempt to account for this by doubling the internal pressure for all crossings near the equatorial plane should be replaced with real measurements of the internal plasma pressure and a suitable modification of (3). A comparison of our model dynamic pressure estimates with actual measurements of the dynamic pressure would also aid to establish the validity of the method.
[69] It has been suggested [Espinosa et al., 2003; Southwood and Kivelson, 2005] that the internal pressure in Saturn's magnetosphere varies with Saturn longitude and that this affects the location of the magnetopause. In steady solar wind conditions, an observer located near the magnetopause would cross the magnetopause twice per rotation period. We have not made an attempt to incorporate this effect into our model. A principal reason for neglecting this effect is that the rotation rate of Saturn is not well known so any attempt to use the existing longitude definition will introduce uncertainties because of longitudinal smearing. A more thorough investigation of this effect should be carried out when a more robust definition of longitude is available.
Appendix A: Application of the Model
[70] The model developed in this paper can be applied to many different scientific problems where knowledge of the magnetopause standoff distance, an estimate of the solar wind dynamic pressure, or an understanding of the local magnetopause geometry are invaluable. Furthermore, such models are useful in science planning and visualization, and in the development of other models such as global magnetospheric magnetic field models and bow shock models.
[71] To aid the use of this model, we illustrate several uses of our model in addressing some of the issues above. In addition, computer programs implementing our model which provides model normals, estimated pressures, and extrapolated standoff distances are available from the authors for use with Matlab, IDL, ANSI C, and Fortran.
A1. Plotting Model Boundaries
[72] Solve equation (4) for various values of q over a suitable interval such as ±p/2, where a suitable dynamic pressure is selected and substituted into (5). Cartesian coordinates can be straightforwardly calculated from the polar coordinates. To generate a 3-D surface from this 2-D slice, form a surface of revolution by rotating the 2-D form around the X KSM axis, which can be done by introducing a second angle in the polar representation.
A2. Calculation of Standoff Distances
[73] To calculate the standoff distance corresponding to a given magnetopause crossing, the model D p , through equations (5), must be adjusted such that the model passes through the observed point. For this work, this has been achieved using a root-finding method based on NewtonRaphson iteration. Given an initial estimate for the dynamic pressure, D p n , where the superscript indicates an iteration, the next iteration for the dynamic pressure is given by: 
Where X = log e (2/(1+ x KSM /r)) and x KSM is the X coordinate of location of the observed magnetopause crossing (in solar magnetospheric coordinates) and r is the planetocentric distance to the observed crossing. This equation can then be iterated until D p is accurate to within some tolerance set by the demands of the application. In this work a fractional change of smaller than 1% is required for the root-finder to terminate. Given D p from this method, the standoff distance is then simply found from (5a).
A3. Calculation of Model Normals
[74] Knowing D p for a given magnetopause crossing, we can find the normal to the model at the point of the crossing (or any point on the surface). We write a position on the magnetopause as (r, q, f) which are related to cartesian KSM coordinates by q = cos À1 x/r and f = tan À1 z/y. The normal vector can be found from
Where, @r @q The flaring angle can easily be found from the inner product of (A2) and the solar wind direction, nominally in the direction of x so it is sufficient to take the x component of (A2). Knowing the normal, an estimation of the pressure assuming a pressure balance can be found using (3) with a measurement of the magnetospheric magnetic pressure.
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